MATERIALS AND METHODS

Cells and transfections
HEK293 cells (ATCC CRL-1573) were maintained in DMEM (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum and 1% pen-strep cocktail at 37°C in a 5% CO 2 atmosphere and were passed when reaching 80-90% confluence. Passages 22-40 were used for transfections. GluN1-1a (NR1-1a, U08261) and GluN2B (NR2B, M91562) were sub-cloned into pcDNA3(+) under the control of the CMV promoter and were confirmed periodically by fulllength sequencing. Calcium phosphate-mediated transfections were done by incubating the cells for 2 hours with mixtures consisting of (in mM): 140 NaCl, 5 KCl, 0.75 Na 2 HPO 4 , 6 glucose, 125 CaCl 2 , 25 HEPES/NaOH, pH 7.05, and ~1 µg cDNA (GluN1:GluN2B:GFP = 1:1:1) per 35-mm dish. After removing the precipitate, the cells were grown 24-48 hrs in DMEM supplemented with 2 mM Mg 2+ to prevent NMDA receptor-mediated cell death.
Electrophysiology
Steady-state single-channel currents were recorded with the cell-attached patch-clamp technique (1) . This configuration maintains membrane integrity and physiologic intracellular milieu; prevents the decrease in mean open durations and the Ca 2+ -dependent desensitization reported for excised patches (2) (3) (4) (5) ; and lastly, cell-attached patches are more stable mechanically and electronically and result in longer records with higher signal-to-noise ratios (6) . Electrodes were pulled in two stages with a vertical puller (PC-10, Narishige International USA, East Meadow, NY) from borosilicate glass capillaries (BF150-86-10, Sutter Instrument Company, Novato, CA); were fire-polished to a final resistance of 15-25 MΩ; and were filled with (extracellular) solution containing (in mM): 150 NaCl, 2.5 KCl, 1 EDTA, 10 HEPBS (pK a , 8.3) pH 8 (NaOH). The physiological agonists glycine (0.1 mM) and glutamate (1 mM) were also included unless otherwise specified. We recorded at very low concentration of protons (pH 8) and virtual absence of contaminating divalent cations (1 mM EDTA), to focus on intrinsic gating kinetics in the absence of confounding contributions by differential sensitivity to modulation by protons or zinc (7) (8) (9) . Openings were recorded as inward sodium fluxes after applying +100 mV through the recording pipette (estimated membrane potential ~-120 mV). Currents were amplified and lowpass filtered at 10 kHz (Axopatch 200B; 4-pole Bessel), sampled at 20 kHz (PCI-6229, M Series card, National Instruments, Austin, TX) and written into digital files with QuB acquisition software (www.qub.buffalo.edu, University at Buffalo, Buffalo, NY).
For whole-cell current recordings, electrodes were filled with (intracellular) solution containing (in mM): 135 CsF, 33 CsOH, 2 MgCl 2 , 1 CaCl 2 , 10 HEPES, and 11 EGTA, adjusted to pH 7.4 (CsOH) and clamped at -70 mV. Extracellular solutions contained (in mM): 150 NaCl, 2.5 KCl, 0.5 CaCl 2 , 0.01 EDTA, 0.1 glycine and 1 glutamate, or as indicated, in 10 mM HEPBS pH 8 (NaOH). Clamped cells were perfused using a lightly pressurized system (BPS-8, ALA Scientific Instruments, Westbury, NY). Currents were amplified and low-pass filtered at 2 kHz (Axopatch 200B; 4-pole Bessel), sampled at 5 kHz (Digidata, 1322A) and written into digital files with pClamp 8 acquisition software (Molecular Devices, Sunnyvale, CA). Dose-response curve (see Fig. 4C ) was obtained by fitting the Hill equation to means of steady-state current values obtained from 3-12 cells.
Processing of single-channel current records
To increase the chances of examining continuous activity from one channel, we selected records that were entirely free of simultaneous openings. According to Colquhoun and Hawkes (10) , if a current trace originates from more than one receptor, the mean number of successive nonoverlapping openings is inversely related to the apparent open probability within the observed sequence. Thus, if a stretch of single-amplitude openings has an apparent open probability of 0.01 and originates from 2 independent channels, it is expected that a double-opening will occur on average after a string of less than 200 one-amplitude openings. Among the records we selected for analyses based on the absence of overlapping openings, the lowest measured open probability was 0.02, which is 2-fold higher than the one considered in the example above; and the number of consecutive non-overlapping events 4,382, was ~20-fold larger than the mean number expected within a two-channel stretch. Thus we are reasonably confident that each of the records selected reflected the activity of only one NMDA receptor. From this set of one-channel records, only those which required minimum processing were selected for analyses. These were changed to remove artifacts and to correct baseline drifts as described in detail previously (11) .
Kinetic analyses and modeling
Current traces were idealized in QuB with the SKM algorithm after digitally low-pass filtering at 12 kHz and after imposing a conservative dead time (0.15 ms, 3 samples) across all files (12, 13) . By varying the dead-time between 0.025 and 0.15 ms, we have previously found that for this slow-gating receptor, the 'missed events' problem is not interfering with our conclusions mainly because the events of interest are long-enough to be adequately sampled within the applied bandwidth (14) . All subsequent analyses of idealized records were done in QuB with the MIL algorithm (13) .
We estimated the minimum number of states necessary to describe each of the recorded files by fitting state models of increasing complexity to each record separately and evaluating the goodness of fit. Fitting sessions were initiated with the simplest model warranted by the two conductances observed (1C1O), followed by models to which we added one-at-a-time closed and then open states while noting the associated increase in log-likelihood (LL) values. A model was considered best-fitting when the addition of one more state improved the fit by less than 10 LL units. These initial models had random arrangements of open and closed states. Each of the files considered had between 4x10 3 and 6x10 5 events and each was best fit by models having 5 closed states and at least 2 or up to 4 open states. Calculated time constants and areas for individual exponential components were tabulated and reported as means ± SE (Tables S2 and S3).
The 2B dataset analyzed consisted of 31 one-channel records, which represented ~15 hrs of recording and contained > 4x10 6 events. As a point of reference, we compiled 12 records obtained previously from 2A receptors under identical experimental conditions: n = 7 (11) and n = 5 (14) , which totaled > 8 hrs of recording and contained > 3.3x10 6 events. Significance of differences was evaluated with two-tailed Student's t-tests assuming equal variance; were considered significant for p-values < 0.05; and were expressed as: fold-change = 2B/2A; or % change = ((2B/2A) -1) x 100.
The order of states within the 5C2O model used to estimate microscopic rate constants within each mode (see Fig. 3C ) was selected after comparing goodness of fit for several equinumerous models that differed in the arrangement of closed states. Based on previous reports we limited this analysis to models that had: a sequence of at least two closed states preceding open states (15, 16) , vicinal open states (17) , and no loops (for simplicity). In addition, we considered a cyclic model representing a reaction mechanism based on independent subunits (15) . Based on the analysis illustrated in Fig. S1 , we chose a model where: a linear 3C2O sequence described intracluster activity and two additional closed states, branching away from separate intracluster closed states, represented desensitized states (see also Fig. 3C ).
Microscopic binding and dissociation rates were estimated by similar methods using a separate set of records (n = 12) obtained at sub-saturation concentrations of glutamate (1-3 µM). For this analysis we used a model with a single aggregated open state (5C1O), to which two identical and independent binding steps were appended distal to the composite open state (see Fig. 4B ). Fig. 3D were constructed relative to the free energies of C 3 states using the rate constants illustrated in Fig. 3C and the relationship ∆∆G 0 = -k B TlnK eq , where k B is the Boltzmann constant, T is the absolute temperature, and K eq is the equilibrium constant of the transition considered. Barrier heights were of arbitrary magnitude and were represented as E ‡ n = ∆G 0 n + k B T(10 -lnk +n ).
Energy landscapes in
Simulated ensemble currents were calculated from the models illustrated, as the timedependent migration into open states following a square jump into 1 mM glutamate for the duration indicated, and assuming that at time zero all receptors occupied the resting, unliganded closed state. For kinetic analyses and dose-response fittings, traces were imported into Origin and analyzed in a manner similar to experimental macroscopic traces.
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